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AKR1C1/2 inhibition by MPA
sensitizes platinum resistant
ovarian cancer towards carboplatin

Susann Badmann?, Doris Mayr?, Elisa Schmoeckel?, Anna Hester?, Christina Buschmann?,
Susanne Beyer', Thomas Kolben?, Fabian Kraus?, Anca Chelariu-Raicu?, Alexander Burges?,
Sven Mahner?, Udo Jeschke?, Fabian Trillsch® & Bastian Czogalla'**

In recurrent epithelial ovarian cancer (EOC) most patients develop platinum-resistance. On molecular

level the NRF2 pathway, a cellular defense mechanism against reactive oxygen species, is induced.
In this study, we investigate AKR1C1/2, target of NRF2, in a well-established EOC collective by
immunohistochemistry and in a panel of ovarian cancer cell lines including platinum-resistant clones.
The therapeutic effect of carboplatin and MPA as monotherapy or in combination was assessed

by functional assays, using OV90 and OV90cp cells. Molecular mechanisms of action of MPA were
investigated by NRF2 silencing and AKR activity measurements. Immunohistochemical analysis
revealed that AKR1C1/2 is a key player in the development of chemoresistance and an independent
indicator for short PFS (23.5 vs. 49.6 months, p=0.013). Inhibition of AKR1C1/2 by MPA led to a
concentration- and time-dependent decline of OV90 viability and to an increased response to CP

in vitro. By NRF2 silencing, however, the effects of MPA treatment were reduced. Concludingly, our
data suggest that a combination therapy of carboplatin and MPA might be a promising therapeutic
approach to increase response rates of EOC patients, which should be explored in clinical context.
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ROC Receiver operating characteristic

ROS Reactive oxygen species

siRNA Small interfering ribonucleic acid

TNM Tumor (T), nodes (N), and metastases (M) classification of malignant tumors

Ovarian cancer is the most lethal gynecologic malignancy with a five-year survival rate of less than 45% over all
Federation of Gynecology and Obstetrics (FIGO) stages™?. It is mostly diagnosed in advanced disease (FIGO 111/
IV) because of unspecific symptoms and insufficient screening methods®. The standard of care for advanced EOC
consists of radical cytoreductive surgery followed by adjuvant platinum-based chemotherapy and maintenance
targeted therapy such as anti-angiogenic antibody, bevacizumab, or poly-ADP-ribose-polymerase inhibitors®.
Even though initial response rates are between 60 and 80%, the majority of patients will develop resistance,
leading to subsequent recurrence or progression of disease. Therefore, given the rising platinum resistance over
the clinical course’, translational research approaches are needed to elucidate the molecular mechanisms of the
development of chemoresistance and to find effective therapeutic options for patients with recurrent disease.

Chemotherapeutic agents generate oxidative stress, which contributes significantly to the destruction of tumor
cells®”. There is increasing evidence that the NRF2-mediated antioxidant response pathway, which is considered
to be the primary cellular defense mechanism against reactive oxygen species (ROS), is activated during the devel-
opment of chemoresistance®®. While NRF2 is ubiquitously expressed at low levels in all human tissues, elevated
levels are found in different cancer entities including ovarian cancer'*-'%. Our group recently demonstrated that
NREF2 in its inactive form is significantly correlated with improved overall survival of ovarian cancer patients'’.
Given our previous data, we hypothesized that the downstream gene of NRF2 pathway, AKRICI, might protect
cancer cells from cytotoxic effects of chemotherapy through its inhibitory effect on progesterone metabolism.

Amongst others, NRF2 activates the reductases AKRIC1 and 2 via an antioxidant response element in the
promotor region, which subsequently detoxify ROS”!%. Both enzymes share high sequence identity and play
important roles in human steroid hormone and xenobiotic metabolism with varying expression patterns and
substrate preferences'*?’. AKR1C1 is mainly expressed in the human ovary, which preferentially catalyzes the
inactivation of progesterone®!. An upregulation of AKR1C1/2 enzymes was seen especially in hormone depend-
ent cancer types, including prostate or endometrial carcinoma. An upregulation of AKR1C1/2 in benign condi-
tions such as ovarian endometriosis was reported as well?>-4,

For EOC a protective effect of combined oral contraceptives has been described”. In contrast, postmenopau-
sal hormone replacement therapy, especially the application of estrogen-only agents, is associated with increased
risk of EOC*. Antiproliferative, anti-inflammatory, and anticarcinogenic properties are attributed to progester-
one with limiting effects on tumor growth and metastasis”~*°. Furthermore, progesterone is reported to facilitate
the toxicity of cisplatin in EOC cells and xenografts®.

In this study we focus on the NRF2-AKR1C1/2 pathway to further characterize the molecular basis of chem-
oresistance and propose as therapy option in recurrent ovarian cancer carboplatin in combination with the
synthetic progesterone MPA.

Material and methods

Patient cohort. Pathologically confirmed EOC tissue samples of 156 patients that underwent radical cytore-
ductive surgery between 1990 and 2002 at the Department of Gynecology and Obstetrics, Ludwig-Maximilians-
University, Munich, Germany were analyzed in this study. The study was approved by the Ethics Committee of
the Faculty of Medicine, Ludwig-Maximilians-University, Munich, Germany (approval number 227-09, 18-392,
and 19-972). The tissue samples derive from the archives of the Department of Gynecology and Obstetrics,
Ludwig-Maximilians-University, Munich, Germany and were initially used for histopathological diagnostics.
Before the current study was performed, all diagnostic procedures have been completed and the patients’ data
were fully anonymized. Due to these circumstances the Ethics Committee of the Faculty of Medicine, Ludwig-
Maximilians-University, Munich, Germany declared that no written informed consent of the participants or
permission to publish is needed. The standards of the Declaration of Helsinki 1975 have been respected.

Except for patients in stage FIGO IA with low-grade histology, all patients received adjuvant platinum-
based chemotherapy. The EOC specimens have been observed by specialized gynecologic pathologists at the
Department of Pathology, Ludwig-Maximilians-University, Munich, Germany, who determined grading and
histological subtype. Grading of mucinous subtype was performed analogous to endometrioid subtype. Staging
was performed according to the FIGO (2014) and TNM classification. Clinical data derived from our patients’
charts, follow up data were received from the Munich Cancer Registry. The clinicopathologic characteristics of
the patients are listed in Table 1. Information to FIGO stage and grading are missing in 5 and 9 cases respectively.

Immunohistochemistry. Tissue microarrays with three representative biopsies (0.6 mm in diameter) of
each formalin-fixated and paraffin-embedded tumor sample were stained for immunohistochemistry (IHC)
analysis according to a protocol previously published by our lab®'. After dewaxing, rehydration and thermal
demasking of the tissue slides, AKR1C1/2 expression was visualized using a polyclonal rabbit IgG (dilution:
1:100, 16 h at 4 °C) (abcam, Cambridge, UK) as primary antibody and the ZytoChem-Plus HRP Polymer-Kit
(Zytomed Systems GmbH, Berlin, Germany) with 3,3’-Diaminobenzidine (Dako, Carpinteria, CA, USA) as
chromogenic substrate. Mayer’s hemalum (Waldeck GmbH & Co. KG, Miinster, Germany) was used for coun-
terstaining. Tissue from human kidney served as system control to assess the specificity of the immunoreactions
(Supplementary Fig. S1). Staining evaluation has been performed by two independent observers in a double-
blind process using a photomicroscope (Leitz, Wetzlar, Germany). The semiquantitative immunoreactive score
(IRS) was determined by multiplying the intensity of AKR1C1/2 staining (0: no, 1: weak, 2: moderate, and 3:
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Clinicopathologic parameters ‘ n ‘ Percentage (%)
Histology

Serous 110 | 70.5

Clear cell 12 7.7
Endometrioid 21 13.5

Mucinous 13 8.3

Primary tumor expansion

TX 1 0.6
T1 40 25.6
T2 18 11.5
T3 97 62.3
Nodal status

PNX 61 |39.1
pNO 43 |276
pN1 52 333
Distant metastasis

pMX 147 | 942
pMO 3 |19
pM1 6 |38
Grading serous

Low 24 21.8
High 80 | 727
Grading endometrioid

Gl 6 28.6
G2 5 23.8
G3 8 38.1
Grading mucinous

Gl 6 46.2
G2 6 46.2
G3 0 0
Grading clear cell

G3 (12 [1000
FIGO

I 35 22.4
II 10 6.4
I 103 | 66.0
v 3 1.9
Age

<60 years 83 53.2
>60 years 73 46.8

Table 1. Clinicopathologic characteristics of the analyzed EOC patients.

strong staining) and the percentage of positive cells (0: no staining, 1: <10%, 2: 11-50%, 3: 51-80% and 4: > 81%
positive)*2. Mean IRS of the three representative biopsies from one patient were used for further analyses. The
descriptive statistics of the expression analysis is shown in the Supplementary Table S1.

Statistical analysis. Data processing, statistical analysis, and graphics have been performed using SPSS
26.0 (IBM Corporation, Armonk, NY, USA) and MATLAB R2020b (The MathWorks, Natick, MA, USA).
Kruskal Wallis H-test was used to compare the distribution of more than two independent samples®, t-test was
applied to compare the means of independent groups. Previously, other pathological markers including NRF2
and the hormone receptors were investigated in the same patient cohort, which enables correlation analysis'®!”.
Bivariate correlations between clinical and pathological data have been calculated with Spearman’s analysis™.
Expression-dependent differences in survival times were detected by log-rank testing and visualized in Kaplan-
Maier curves®. Appropriate cut-off points considering the distribution pattern of IRS in the collective have
been determined by ROC analyses and maximizing the Youden index***”. Cox regression models were used for
multivariate analyses®. P-values <0.05 were considered as statistically significant.
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Cell lines and tissue culture. The endometrioid cell line A2780 and the serous cell lines CaOV3, COV318,
OV90, OVCAR3, and SKOV3 were purchased from ATCC (Manassas, VA, USA). OV90 and its platinum-
resistant clone OV90cp were cultured in Dulbecco’s Modified Eagle’s Medium F-12 (Gibco, Paisley, UK) sup-
plemented with 10% fetal bovine serum (Gibco, Paisley, UK) in a humified incubator at 37 °C under 5% CO,.
The other cell lines were maintained in RPMI 1640 GlutaMAX medium (Gibco, Paisley, UK) under the same
conditions. Platinum-resistant clones were induced by continuous increase of carboplatin (CP) (0.1, 0.2, 0.33,
0.5 uM) concentration up to 1 uM over 5 weeks. The chemoresistance was confirmed by determination of the
half maximal inhibitory concentration (IC50). To maintain the resistance the medium was supplemented with
1 uM CP. No antibiotics or antimycotics were used.

Reagents. Medroxyprogesterone acetate (MPA) (Sigma-Aldrich Co., St. Louis, MO, USA) is a clinically
used progestin. Besides its effects on hormone receptors (progesterone receptor agonism and estrogen receptor
antagonism), it is considered as pan-AKR1C inhibitor?'. For in vitro experiments we used CP purchased from
medac GmbH (Wedel, Germany).

Western Blotting. Western blot analysis was performed as previously described®. In short, cells were lysed
on ice with RIPA buffer (Sigma-Aldrich Co., St. Louis, MO, USA). Bradford protein assay was performed to
determine the protein concentration of the lysates. Equal amounts of protein were separated according to their
molecular weight by SDS gel electrophoresis and transferred onto a polyvinylidene fluoride membrane. After
blocking to prevent non-specific binding, the primary antibody against NRF2, AKR1C1/2, and B-actin (Sup-
plementary Table S2) was incubated overnight at 4 °C. B-actin served as control. Western blot detection was
performed with VECTASTAIN ABC-AmP Reagent (Vector Laboratories, Burlingame, CA, USA). Pictures were
captured with Bio-Rad Universal Hood II (Bio-Rad Laboratories Inc., Hercules, CA, USA) and the correspond-
ing Software Quantity One enabled a quantitative analysis of the blots. Each Western blot experiment was con-
ducted 3 times. The mean optical density normalized to the background of each blot is shown in the graphs.

qPCR. According to the instructions of the manufacturer RNA was isolated with the RNeasy Mini Kit (QIA-
GEN, Venlo, Netherlands). 1 pg was converted into first-strand cDNA using the cDNA Synthesis Kit (Biozym
Scientific GmbH, Hessisch Oldendorf, Germany). To quantify mRNA expression of NFE2L2 and AKRICI1/2,
qPCR was performed using the FastStart Essential DNA Probes Master (Roche, Basel, Switzerland) and gene-
specific primers (Supplementary Table S3) (Eurofins Genomics, Ebersberg, Germany). ACTB and GAPDH
served as housekeeping genes. Relative expressions were calculated using the 244 method. Statistical analysis
was performed based on data from 3 biological and 3 technical replicates each.

siRNA knockdown. To silence NFE2L2 OV90/OV90cp cells were transfected with Silencer Select siRNAs
(si91 and si93; Ambion, Carlsbad, CA, USA) using Lipofectamine RNAIMAX Reagent (Invitrogen, Carlsbad,
CA, USA). Efficiency of the siRNA knockdown was validated by qPCR and western blotting 24 h after transfec-
tion. A scrambled siRNA served as negative control (siCo).

Cell viability and proliferation. OV90/0V90cp and A2780/A2780cp cells (10* cells/well) were seeded
into microplates. Once adherent, the cells were treated with different concentrations of CP for IC50 determina-
tion, MPA (0, 1, 5, 10 uM), or a combination of both agents. Cell viability was determined by a spectrophotomet-
ric method after 24, 48 or 72 h treatment. Metabolically active cells reduce yellow 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich Co., St. Louis, MO, USA) to purple formazan crystals,
which is measured at 595 nm. Cell proliferation was quantified indirectly by a colorimetric immunoassay (Cell
proliferation ELISA, Roche, Basel, Switzerland) based on incorporation of the thymidine analog 5-bromo-2'-
deoxyuridine (BrdU) during DNA synthesis after 48 h. The assays were carried out according to the manufactur-
ers instructions.

Apoptosis. Cell death was quantified by photometric determination of cytoplasmic histone-associated-
DNA-fragments (late apoptosis marker) using Cell Death Detection ELISAP'Y (Roche, Basel, Switzerland), a
quantitative sandwich-enzyme-immunoassay. OV90/OV90cp cells (10* cells/well) were grown in microplates
overnight. Apoptosis was induced by MPA, CP or combination at different concentrations for 72 h. The assay
was performed according to the manufacturer’s protocol. The apoptotic index was calculated as an enrichment
factor of nucleosomes in the cytoplasm by dividing the absorbance of the sample cells by the absorbance of the
control (cells without treatment).

AKR activity. Enzyme activity of aldo-ketoreductases was measured in cell lysates of OV90/OV90cp and
A2780/A2780cp (106 cells) by a colorimetric AKR Activity Assay Kit (abcam, Cambridge, UK). The generation
of NADPH, which is proportional to the turnover of an AKR specific substrate (AKR activity) in the sample, was
detected as OD at 450 nm.

Results

AKR1C1/2 expression is elevated in serous and endometrioid EOC and correlates positively
with NRF2 and hormone receptor expression. AKR1C1/2 expression was analyzed in a well-estab-
lished EOC collective by IHC. The tissue of 115 patients (82.1% of all evaluable cases) stained positively for
AKRI1C1/2. Immunoquantitative comparison of AKR1C1/2 expression between the histological subtypes
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Figure 1. Detection of AKR1C1/2 by ITHC. Representative microphotographs (25 x magnification, scale
bar=100 um) of the AKR1C1/2 staining of EOC tissue samples with serous (A), clear cell (B), endometrioid (C)
and mucinous (D) histology. Comparison of mean IRS between the histological subtypes showed significantly
higher expression levels of AKR1C1/2 in serous and endometrioid EOC samples compared to clear cell and
mucinous histology (p <0.001).

revealed a significantly higher expression in serous and endometrioid EOC (Fig. 1). While AKRIC1/2 is
expressed in low grade as well as high grade serous ovarian cancer at the same level, endometrioid G3 carcino-
mas show lower expression levels than G1. Since NRF2 is the regulating transcription factor of AKRIC1/2, we
further explored the expression of AKR1C1/2. Our results showed a strong positive correlation between NRF2
and AKR1C1/2 expression (cc=0.338, p<0.001). In addition, both NRF2 and AKR1C1/2 expression strongly
correlated with the expression of hormone receptors, including ERalpha, PGRA, and PGRB. These data suggest
an association between hormone receptor- and NRF2-AKR1C1/2-mediated signaling (Table 2). Graphic repre-
sentations of the correlations are shown in the Supplementary Figure S2.

Patients with AKR1C1/2 expression show a significantly impaired PFS. The prognostic impact of
AKRI1C1/2 expression on overall survival (OS) and progression free survival (PFS) was investigated by univari-
ate and multivariate analyses. The median age of patients at the time of tumor debulking surgery was 58.7 years
(interquartile range (IQR) = 16.4) with a total range of 20.7 to 88.0 years. Median follow-up PFS was 27.8 months
(IQR=78.0), median follow-up OS was 33.8 months (IQR = 78.3). Consistent with our hypothesis that AKR1C1/2
favors relapse events, a significantly shorter PFS was noted for patients expressing AKR1C1/2 (IRS>0) in their
tumor tissue (median PFS 23.5 vs. 49.6 months, p=0.013, n=124) (Fig. 2A). A similar trend was observed for
OS, although the difference did not reach statistical significance (median OS 39.6 vs. 63.4 months, p=0.117,
n=131) (Fig. 2B).

Multivariate analysis proved independency of AKR1C1/2 expression (IRS > 0) as indicator for shortened PFS
(p=0.003). However, for OS AKR1C1/2 expression did not reach statistical significance as prognostic factor in
the studied patient collective (p=0.064). Other independent prognostic factors in the present patient cohort are
subtype and FIGO for PFS and age and FIGO for OS (Table 3).

AKR1C1/2 expression is elevated in ovarian cancer cells and in their platinum resistant
clones. We first determined the basal expression of NRF2 and AKR1C1/2 in a panel of well-established ovar-
ian cancer cell lines. All ovarian cancer cell lines tested had substantially higher NRF2 and AKR1C1/2 mRNA
and protein levels than the benign ovarian epithelial cell line HOSEpiC (Fig. 3A). Compared to other ovarian
cancer cell lines OV90 and SKOV3 have been described as relatively resistant*’. Interestingly, OV90 and SKOV3
show the full length AKR1C1/2 protein with a molecular weight between 35 and 40 kDa, while other cell lines
express smaller AKR1C1/2 splice variants between 25 and 35 kDa (Fig. 3A, bottom)*'.

To further investigate the role of NRF2-AKR1C1/2 signaling in the development of chemoresistance, plati-
num-resistant clones of OV90 and A2780 were induced by continuous treatment with increased CP concentra-
tion. Subsequently, the chemoresistance was determined using the IC50 (Supplementary Figure S3) and the
aldoketoreductase (AKR) enzyme activity (Table 4). IC50 of the induced clones OV90cp and A2780cp was
1.6-fold respectively 2.3-fold higher than the IC50 of the original cell lines. When OV90 is compared to A2780,
OV90 was 6.4-fold more resistant towards CP and showed an 8.3 times higher AKR enzyme activity. Similar
ratios are obtained for their resistant counterparts. In addition, a higher mRNA and protein expression of NRF2
and AKR1C1/2 was observed in OV90cp compared with A2780cp (Fig. 3B). When comparing the original cell
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Staining | NRF2 [AKRIC1/2 |ERalpha |ERbeta | PGRA |PGRB
NRF2
cc 1 0.338** 0.182* 0.135 0.194* 0.214**
p - <0.001 0.026 0103 0019 | 0.009
n 118 112 150 147 146 148
AKRIC1/2
cc 0338 |1 0494~ [0117 |0.334 [0.203*
P <0001 |- <0001 |0.174 | <0.001 |0.017
n 112 112 112 137 136 138
ERalpha
cc 0.182* | 0.494* 1 0058 |0236" | 0237
p 0.026 | <0.001 - 0475 0003 | 0.003
n 150 112 156 153 152 154
ERbeta
cc 0135|0117 0.058 1 0234 |0.133
p 0103 | 0.174 0.475 - 0.004 | 0.104
n 147 137 153 153 150 152
PGRA
cc 0.194% | 0.334% 0236% | 02347 |1 0.622**
P 0.019 <0.001 0.003 0.004 - <0.001
n 146 136 152 150 152 152
PGRB
cc 0.214% [ 0.203* 0237+ 0133|0622 |1
p 0009 | 0017 0.003 0104 | <0001 |-

148 138 154 152 152 154

Table 2. Correlation analysis between NRF2, AKR1C1/2 and the hormone receptors. IRS of NRF2 and
AKRI1C1/2 (mean) were correlated to each other and to the IRS of hormone receptors using Spearman’s
correlation analysis. Significant correlations are indicated by asterisks (*p <0.05; **p <0.01). Cc correlation
coefficient, p two-tailed significance, n number of patients.

A) AKR1C1/2 favors relapse events B) AKR1C1/2 expression leads to worse overall survival
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Figure 2. AKRI1C1/2 expression has a negative effect on survival. The Kaplan-Meier estimates show

PFS (A) and OS (B) depending on AKR1C1/2 expression (log-rank test). (A) Patients with AKR1C1/2
expression (AKR1C1/2 IRS >0; n=74) in their tumor tissue show a significantly shorter PFS with a median of
23.5 months compared to patients without relevant AKR1C1/2 expression (AKR1C1/2 IRS =0; n=50; median
PFS=49.6 months). (B) A similar trend is observed for OS (AKR1C1/2 IRS >0; n=75; median OS =39.6 months
vs. AKR1C1/2 IRS=0; n=56; median OS=63.4 months). Censoring events have been marked in the graphs (+).
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Covariate P Hazard Ratio (95% CI)
oS 0.624 1.167 (0.630-2.162)
Subtype (serous vs. others)
PES 0.047* 0.375 (0.143-0.985)
oS 0.009** 1.809 (1.160-2.821)
Age (<60 vs.>60)
PES 0.643 1.208 (0.544-2.682)
oS <0.001** 3.628 (1.881-6.997)
FIGO (I-II vs. III-1V)
PFS 0.001** 9.422 (2.537-34.985)
oS 0.064 1.560 (0.974-2.499)
AKRIC1/2 (0 vs.> 1)
PES 0.003** 4.384 (1.666-11.533)

Table 3. AKRI1C1/2 expression is an independent negative prognostic factor for PFS. A cox regression model
was established for multivariate analysis. Significant independent factors are indicated by asterisks (*p <0.05;
**p<0.01). CI confidence interval.
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Figure 3. AKRIC1/2 expression is elevated in ovarian cancer cells and induced in their platinum resistant
clones. (A) Basal mRNA (qPCR; scaled to HOSEpiC; top) and protein (western blotting; normalized to the
background; bottom) expression of NFE2L2/NRF2 and AKR1C1/2 of ovarian cancer cell lines compared to
the benign ovarian epithelial cell line HOSEpiC. (B) mRNA (qPCR; scaled to HOSEpiC; top) and protein
(western blotting; normalized to the background; bottom) expression of NFE2L2/NRF2 and AKR1C1/2 of the
endometrioid EOC cell line A2780 and the serous EOC cell line OV90 and their resistant clones. Full length
blots are included in the Supplementary Fig. S4. *p <0.05; **p <0.01.

lines with the resistant clones, it is noticed that especially AKR1C1/2 was induced significantly on RNA and
protein level. However, for NRF2 no clear upregulation was shown. Taken together, these results indicate that the
expression of AKR1C1/2 was likely induced in both cell lines during the emergence of platinum-resistance. Given
our results thus far, we selected OV90 and its platinum resistant clone, OV90cp, for further functional experi-
ments. Furthermore, since high grade serous ovarian cancer is the most common and aggressive histological
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Z

Cell line IC50 [uM] | Resistance relative to A2780 | AKR activity [mU/ml] | AKR activity relative to A2780
A2780 282 1 0.30 1

A2780cp 645 2.3 0.31 1.013

OVvI0 1791 6.4 2.52 8.289

OV90cp 2826 10 2.54 8.342

Table 4. Characteristics of A2780 and OV90 and their platinum resistant clones.
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Figure 4. Effects of MPA treatment on AKR activity and OV90 viability. (A) NADPH formation as
proportional measure to AKR activity, was determined colorimetrically in OV90/OV90cp cell lysates (10° cells)
in a time dependent manner. MPA administration leads to a potent inhibition of AKR activity (OV90: 97%
inhibition; OV90cp: 94% inhibition). (B) AKRICI catalyzes preferentially the inactivation of progesterone?'.
The reaction is inhibited by MPA. (C) Viability of OV90 cells was reduced by MPA treatment in a concentration-
and time-dependent manner (measured by MTT). Viability without treatment was used as comparison group
for the statistical test. (D) NFE2L2 silencing (24 h) weakens the effect of MPA treatment (48 h) on OV90
viability. Viability after NFE2L2 knockdown was compared to the control transfected with scrambled siRNA at
each MPA concentration for statistical analysis. *p <0.05; **p <0.01.
subtype OV90/OV90cp was considered to be a suitable model to investigate chemoresistance, due to its serous
origin as well.
MPA directly regulates AKR activity and impacts OV90 viability. The progestin MPA used in the
clinic is considered as pan-AKR1C inhibitor?'. In our present study, kinetic measurements confirmed a potent
inhibition of the AKR catalytic activity by MPA (>90%; Fig. 4A). Furthermore, MPA treatment reduced OV90
viability in a concentration- and time-dependent manner (Fig. 4C). We then tested whether MPA acts via the
NRF2-AKR1C1/2 signaling pathway. To do so, we silenced NFE2L2 for 24 h with two specific siRNAs (si91 and
§i93, a scrambled siRNA served as control (siCo), Supplementary Fig. S5) and assessed the cell viability after
48 h treatment with MPA. We confirmed that the effects of MPA treatment were reduced after NFE2L2 silencing
(Fig. 4D), which indicates that NRF2-AKR1C1/2 are key factors for the molecular action of MPA.
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Figure 5. MPA sensitizes OV90/OV90cp towards carboplatin. (A) Viability (measured by MTT after 24 h
treatment) and (B) proliferation (determined by BrdU assay after 48 h treatment) are significantly reduced by
the combination of CP (50 uM) and MPA (1 and 10 M) compared to single treatment. (C) A significantly
increased apoptosis rate (measured by Cell Death Detection ELISA™'YS 72 h after treatment) was observed for
the combination therapy. T-test was applied to compare the combination therapy or NFE2L2 silencing to CP
monotherapy. *p <0.05; **p <0.01 (compared to 50 uM CP).

MPA sensitizes OV90/OV90cp towards carboplatin. Since progesterone is reported to facilitate the
toxicity of cisplatin in ovarian cancer cells®’, we conducted functional assays to assess the therapeutic effect of
CP and MPA as monotherapy and in combination on viability, proliferation, and apoptosis of OV90 and OV90cp
cells. While 50 uM CP and 1 uM MPA as single agents showed no effect on viability after 24 h treatment, the
combination of both therapeutics significantly reduced OV90/0OV90cp viability by 38%/21% (Fig. 5A). Increased
MPA concentration (10 uM) in combination with 50 pM CP further enhanced this effect (viability reduction
of OV90/0OV90cp by 45%/32%). NFE2L2 silencing for 24 h induced a similar effect on OV90/OV90cp viability
as AKR1C1/2 inhibition by MPA. These results confirm our hypothesis that active NRF2-AKR1C1/2 signaling
is important for chemoresistance of OV90/0OV90cp. We than tested the effect of CP and MPA on proliferation
of the tumor cells. While proliferation of OV90/OV90cp was reduced to 72%/76% after 48 h CP monotherapy
(Fig. 5B), the combination of CP with 1 uM MPA demonstrated a more substantial decrease in proliferation
of cancer cells to 56%/65%. On proliferation the combination therapy with 1 uM MPA was as effective as with
10 uM MPA. To determine the effect of the combination therapy on apoptosis histone-associated DNA-frag-
ments were quantified using a cell death detection ELISA. While CP monotherapy tripled the apoptosis rate
after incubation of 72 h, the combination therapy led to a fourfold apoptosis rate (Fig. 5C). Taken together, our
functional investigations show that AKR1C1/2 inhibition by MPA leads to increased response to CP in vitro.

Discussion

In this translational study, AKR1C1/2 expression was firstly investigated by IHC in a well-established EOC col-
lective. 82.1% of EOC specimens were positive for AKR1C1/2. Serous and endometrioid carcinomas showed
significantly higher expression levels compared to other histological subtypes (Fig. 1). Strong positive correlations
with the transcription factor NRF2 and the hormone receptors, including ERalpha, PGRA, and PGRB, suggest
an interaction of NRF2-mediated signaling and hormone receptor-mediated signaling via AKR1C1/2 (Table 2).
Consistent with our hypothesis that AKR1C1/2 is a key player in the development of chemoresistance, a signifi-
cantly shorter PFS was noted for patients expressing AKR1C1/2 in their tumor tissue (Fig. 2A). In the second
part, in vitro experiments revealed an induction of AKR1C1/2 in a platinum resistant cell culture model (Fig. 3B).
Treatment with MPA led to a potent inhibition of AKR enzyme activity and to a time- and concentration-
dependent decline of OV90 viability, which was attenuated by NFE2L2 silencing (Fig. 4). Combination therapy
with CP and MPA reduced viability and proliferation and enhanced apoptosis of OV90/0OV90cp significantly
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Figure 6. Role of AKR1C1/2 in chemoresistance. Chemotherapeutics (CTX) generate oxidative stress, which
contributes significantly to the destruction of tumor cells (left pathway). In case of chemoresistance, NRF2-
mediated antioxidant response pathway mitigates the effect of CTX via AKR1C1/2 and other target genes.
ROS are reduced by AKR1C1/2, which promotes the survival of cancer cells (right pathway). Inhibition of this
pathway either by NFE2L2 silencing or AKR1C1/2 inhibition by MPA (grey box) resensitizes ovarian cancer
cells to CTX and results in an increased apoptosis rate.

compared to CP monotherapy (Fig. 5). Increased MPA concentration in combination with CP further reduced
OV90/0OV90cp viability. A comparable effect on OV90/OV90cp viability was elicited by NFE2L2 silencing,
reinforcing the importance of the NRF2-AKR1C1/2 pathway in chemoresistance.

As schematic representation of the study Fig. 6 shows the role of AKR1C1/2 in context of chemoresistance.
Oxidative stress, which is generated by chemotherapeutic agents and which consequently leads to cell death,
is reduced by the NRF2-mediated pathway via its effector proteins®’. In particular, AKR1C1/2 detoxify ROS
which leads to cancer progression's. We show that an inhibition of this pathway either by NFE2L2 silencing or
direct AKR1C1/2 inhibition by MPA resensitizes ovarian cancer cells to CTX and results in reduced viability,
proliferation, and an increased apoptosis rate.

In healthy tissue NRF2 acts as tumor suppressor, protecting cells from xenobiotic and oxidative stress. Con-
versely, several studies report hyperactivation of NRF2 signaling in cancer and its negative prognostic effect®-1642,
In addition, an overexpression of its target genes AKR1C1/2 has been described in different cancer types'**>*. A
previously published study investigating AKR1C in EOC by IHC revealed shorter PFS for patients with AKR1C
expression, which did not reach statistical significance due to a small collective (44 patients)**. In our collective,
we verified the negative prognostic effect of AKR1C1/2 expression on PFS. This may be caused by the devel-
opment of chemoresistance. Emerging evidence points to a relevant contribution of NRF2-AKR1C1/2 in this
process. In endometrial cancer, NRF2-AKR1C1 overexpression was proposed to be the underlying mechanism
of progestin resistance?. AKR1C expression in T-ALL cells of therapy resistant patients correlates with response
to chemotherapeutics®®. Accordingly, a cDNA microarray analysis identified AKRIC as one of five differentially
expressed genes in the platinum resistant variant of the ovarian cancer cell line 2008%. Ovarian cancer cells
(2008, SKOV3 and A2780) show an increased platinum resistance by AKRIC1/2 overexpression*®*. Chen et al.
demonstrated that an overexpression of AKRICI-3 decreases ROS levels, while AKRIC1/2 knockdown reduces
platinum resistance in 2008 cells*®. Consistently, in our study carboplatin treatment resulted in an induction of
AKRI1C1/2 expression in A2780cp and OV90cp cells. A comparison of the IC50 values confirmed the chemore-
sistance of these clones. OV90 and SKOV 3 cells have been described as resistant ovarian cancer cell lines before
showing higher levels of NRF2 and target genes than A2780. This report corresponds to our in vitro results
and was extended by AKR activity measurements, which show higher AKR enzyme activity of OV90 compared
to A2780. However, a clear upregulation of NRF2 in the resistant clones could not be shown. A reason could
be either that transcription factors like NRF2 have shorter half-life than the effector proteins like AKR1C1/2 or
AKR1C1/2 may be influenced by other regulatory mechanisms. By NFE2L2 silencing, Manandhar et al. describe
a sensitization of OV90 cells towards doxorubicin?’, while we show a sensitization towards CP. Thus, NRF2-
AKRI1C1/2 enhances resistance to several chemotherapeutic agents.

In addition to conventional CTX, endocrine therapy based on hormone receptor expression should be recon-
sidered for EOC treatment. Both, in vitro and clinical data suggest a protective role of progesterone and pro-
gestins in EOC?. Progesterone receptor expression in EOC was associated with improved OS and PFS*!, which
may be mediated by antiproliferative and pro-apoptotic properties of progesterone®. In our study, the progestin
MPA led to a time- and concentration dependent decline of OV90 viability. Inhibitory effects of high dose MPA
(10 uM) have been noted before in ovarian cancer cells (SKOV3 and OVCAR3)*>** and could be either caused by
direct cytotoxicity or decreased proliferation via the progesterone receptor and lower gonadotropin and estrogen
levels®*. Importantly, there is some evidence that MPA reverses chemoresistance®**>*. The increased response
of OV90/0V90cp to CP in combination with MPA, which has been shown in this study, can be attributed to
inhibitory effects of MPA on AKR enzyme activity.

Our in vitro data suggest that the combination of MPA and CP might be a promising therapeutic approach
to increase response rates of EOC patients. As endocrine therapy, MPA is not only less toxic than chemothera-
peutic agents but also mediates myeloprotective effects and corticoid-like effects leading to weight gain>*. The
therapeutic use of MPA in EOC has already been investigated in small clinical trials®**”. While high dose MPA
treatment of patients with resistance to CTX led only to partial response in 15% of investigated cases™, a pilot
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study investigating the effects of low dose MPA plus platinum-based chemotherapy on advanced EOC (FIGO
Stage I1I/IV) reports significantly improved survival as well as recurrence rates”.

Conclusions

Our data confirm that AKR1C1/2 is a key player in the development of chemoresistance and an independent
indicator for short PFS. Inhibition of AKR1C1/2 by MPA leads to an increased response to CP in vitro. Thus,
a combination therapy with CP and MPA might be a therapeutic approach to increase response rates of EOC
patients. Since hormone therapy is well tolerated and a pilot study already showed promising results in advanced
EOC, the combination of CP and MPA should be explored in a wider clinical context e.g., a randomized con-
trolled study.

Received: 14 June 2021; Accepted: 18 January 2022
Published online: 03 February 2022

References

1. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2020. CA 70, 7-30. https://doi.org/10.3322/caac.21590 (2020).

2. Baldwin, L. A. et al. Ten-year relative survival for epithelial ovarian cancer. Obstet. Gynecol. 120, 612-618. https://doi.org/10.1097/
AOG.0b013e318264f794 (2012).

3. Jayson, G. C., Kohn, E. C,, Kitchener, H. C. & Ledermann, J. A. Ovarian cancer. Lancet 384, 1376-1388. https://doi.org/10.1016/
S0140-6736(13)62146-7 (2014).

4. Colombo, N. et al. ESMO-ESGO consensus conference recommendations on ovarian cancer: Pathology and molecular biology,
early and advanced stages, borderline tumours and recurrent disease. Int. J. Gynecol. Cancer https://doi.org/10.1136/ijgc-2019-
000308 (2019).

5. van Zyl, B., Tang, D. & Bowden, N. A. Biomarkers of platinum resistance in ovarian cancer: What can we use to improve treatment.
Endocr. Relat. Cancer 25, R303-R318. https://doi.org/10.1530/ERC-17-0336 (2018).

6. Chen, ], Solomides, C., Parekh, H., Simpkins, F. & Simpkins, H. Cisplatin resistance in human cervical, ovarian and lung cancer
cells. Cancer Chemother. Pharmacol. 75, 1217-1227. https://doi.org/10.1007/s00280-015-2739-2 (2015).

7. Wang, X. J., Hayes, J. D. & Wolf, C. R. Generation of a stable antioxidant response element-driven reporter gene cell line and its
use to show redox-dependent activation of nrf2 by cancer chemotherapeutic agents. Cancer Res. 66, 10983-10994. https://doi.org/
10.1158/0008-5472.CAN-06-2298 (2006).

8. Wang, X. J. et al. Nrf2 enhances resistance of cancer cells to chemotherapeutic drugs, the dark side of Nrf2. Carcinogenesis 29,
1235-1243. https://doi.org/10.1093/carcin/bgn095 (2008).

9. Jaramillo, M. C. & Zhang, D. D. The emerging role of the Nrf2-Keap1 signaling pathway in cancer. Genes Dev. 27, 2179-2191.
https://doi.org/10.1101/gad.225680.113 (2013).

10. Namani, A., Matiur Rahaman, M., Chen, M. & Tang, X. Gene-expression signature regulated by the KEAP1-NRF2-CULS3 axis
is associated with a poor prognosis in head and neck squamous cell cancer. BMC Cancer 18, 46. https://doi.org/10.1186/s12885-
017-3907-z (2018).

11. Boustani, M. R. et al. Overexpression of ubiquitin-specific protease 2a (USP2a) and nuclear factor erythroid 2-related factor 2
(Nrf2) in human gliomas. J. Neurol. Sci. 363, 249-252. https://doi.org/10.1016/j.jns.2016.03.003 (2016).

12. Ji, L., Wei, Y,, Jiang, T. & Wang, S. Correlation of Nrf2, NQO1, MRP1, cmyc and p53 in colorectal cancer and their relationships
to clinicopathologic features and survival. Int. J. Clin. Exp. Pathol. 7, 1124-1131 (2014).

13. Jiang, T. et al. High levels of Nrf2 determine chemoresistance in type II endometrial cancer. Cancer Res. 70, 5486-5496. https://
doi.org/10.1158/0008-5472.CAN-10-0713 (2010).

14. Ryoo, I. G., Choi, B. H. & Kwak, M. K. Activation of NRF2 by p62 and proteasome reduction in sphere-forming breast carcinoma
cells. Oncotarget 6, 8167-8184. https://doi.org/10.18632/oncotarget.3047 (2015).

15. van der Wijst, M. G., Brown, R. & Rots, M. G. Nrf2, the master redox switch: The Achilles” heel of ovarian cancer?. Biochim. Biophys.
Acta 1846, 494-590. https://doi.org/10.1016/j.bbcan.2014.09.004 (2014).

16. Czogalla, B. et al. Interaction of ERalpha and NRF2 impacts survival in ovarian cancer patients. Int. J. Mol. Sci. 20, 112. https://
doi.org/10.3390/ijms20010112 (2018).

17. Czogalla, B. et al. Correlation of NRF2 and progesterone receptor and its effects on ovarian cancer biology. Cancer Manag. Res.
11, 7673-7684. https://doi.org/10.2147/CMAR.S210004 (2019).

18. Lou, H,, Dy, S, Ji, Q. & Stolz, A. Induction of AKR1C2 by phase Il inducers: Identification of a distal consensus antioxidant response
element regulated by NRF2. Mol. Pharmacol. 69, 1662-1672. https://doi.org/10.1124/mol.105.019794 (2006).

19. Rizner, T. L. & Penning, T. M. Role of aldo-keto reductase family 1 (AKR1) enzymes in human steroid metabolism. Steroids 79,
49-63. https://doi.org/10.1016/j.steroids.2013.10.012 (2014).

20. Penning, T. M. et al. Human 3alpha-hydroxysteroid dehydrogenase isoforms (AKR1C1-AKR1C4) of the aldo-keto reductase
superfamily: Functional plasticity and tissue distribution reveals roles in the inactivation and formation of male and female sex
hormones. Biochem. J. 351, 67-77. https://doi.org/10.1042/0264-6021:3510067 (2000).

21. Penning, T. M., Wangtrakuldee, P. & Auchus, R. J. Structural and functional biology of Aldo-Keto reductase steroid-transforming
enzymes. Endocr. Rev. 40, 447-475. https://doi.org/10.1210/er.2018-00089 (2019).

22. Bauman, D. R,, Steckelbroeck, S., Peehl, D. M. & Penning, T. M. Transcript profiling of the androgen signal in normal prostate,
benign prostatic hyperplasia, and prostate cancer. Endocrinology 147, 5806-5816. https://doi.org/10.1210/en.2006-0627 (2006).

23. Wang, Y. et al. Mechanism of progestin resistance in endometrial precancer/cancer through Nrf2-AKR1C1 pathway. Oncotarget
7,10363-10372. https://doi.org/10.18632/oncotarget.7004 (2016).

24. Hevir, N., Vouk, K., Sinkovec, J., Ribic-Pucelj, M. & Rizner, T. L. Aldo-keto reductases AKR1C1, AKR1C2 and AKR1C3 may
enhance progesterone metabolism in ovarian endometriosis. Chem. Biol. Interact. 191, 217-226. https://doi.org/10.1016/j.cbi.
2011.01.003 (2011).

25. Cibula, D. et al. Hormonal contraception and risk of cancer. Hum. Reprod. Update 16, 631-650. https://doi.org/10.1093/humupd/
dmq022 (2010).

26. Beral, V., Million Women Stuy, C., Bull, D., Green, J. & Reeves, G. Ovarian cancer and hormone replacement therapy in the Million
Women Study. Lancet 369, 1703-1710. https://doi.org/10.1016/S0140-6736(07)60534-0 (2007).

27. Wu, N. Y. et al. Progesterone prevents high-grade serous ovarian cancer by inducing necroptosis of p53-defective fallopian tube
epithelial cells. Cell. Rep. 18, 2557-2565. https://doi.org/10.1016/j.celrep.2017.02.049 (2017).

28. Jeon, S. Y., Hwang, K. A. & Choi, K. C. Effect of steroid hormones, estrogen and progesterone, on epithelial mesenchymal transition
in ovarian cancer development. J. Steroid Biochem. Mol. Biol. 158, 1-8. https://doi.org/10.1016/j.jsbmb.2016.02.005 (2016).

Scientific Reports |

(2022) 12:1862 | https://doi.org/10.1038/s41598-022-05785-9 nature portfolio


https://doi.org/10.3322/caac.21590
https://doi.org/10.1097/AOG.0b013e318264f794
https://doi.org/10.1097/AOG.0b013e318264f794
https://doi.org/10.1016/S0140-6736(13)62146-7
https://doi.org/10.1016/S0140-6736(13)62146-7
https://doi.org/10.1136/ijgc-2019-000308
https://doi.org/10.1136/ijgc-2019-000308
https://doi.org/10.1530/ERC-17-0336
https://doi.org/10.1007/s00280-015-2739-2
https://doi.org/10.1158/0008-5472.CAN-06-2298
https://doi.org/10.1158/0008-5472.CAN-06-2298
https://doi.org/10.1093/carcin/bgn095
https://doi.org/10.1101/gad.225680.113
https://doi.org/10.1186/s12885-017-3907-z
https://doi.org/10.1186/s12885-017-3907-z
https://doi.org/10.1016/j.jns.2016.03.003
https://doi.org/10.1158/0008-5472.CAN-10-0713
https://doi.org/10.1158/0008-5472.CAN-10-0713
https://doi.org/10.18632/oncotarget.3047
https://doi.org/10.1016/j.bbcan.2014.09.004
https://doi.org/10.3390/ijms20010112
https://doi.org/10.3390/ijms20010112
https://doi.org/10.2147/CMAR.S210004
https://doi.org/10.1124/mol.105.019794
https://doi.org/10.1016/j.steroids.2013.10.012
https://doi.org/10.1042/0264-6021:3510067
https://doi.org/10.1210/er.2018-00089
https://doi.org/10.1210/en.2006-0627
https://doi.org/10.18632/oncotarget.7004
https://doi.org/10.1016/j.cbi.2011.01.003
https://doi.org/10.1016/j.cbi.2011.01.003
https://doi.org/10.1093/humupd/dmq022
https://doi.org/10.1093/humupd/dmq022
https://doi.org/10.1016/S0140-6736(07)60534-0
https://doi.org/10.1016/j.celrep.2017.02.049
https://doi.org/10.1016/j.jsbmb.2016.02.005

www.nature.com/scientificreports/

29.
30.
31.
32.
33.
34.
35.
36.
37.

38.
. Tremmel, E. et al. Thyronamine regulation of TAARI expression in breast cancer cells and investigation of its influence on viability

40.

41.

42,

43.
44,
45.
46.

47.

48.

49.
50.
51.

52.

53.
54.
55.

56.

57.

Zhang, M., Wu, J., Ding, H., Wu, W. & Xiao, G. Progesterone provides the pleiotropic neuroprotective effect on traumatic brain
injury through the Nrf2/ARE signaling pathway. Neurocrit. Care 26, 292-300. https://doi.org/10.1007/s12028-016-0342-y (2017).
Murdoch, W. ., Van Kirk, E. A,, Isaak, D. D. & Shen, Y. Progesterone facilitates cisplatin toxicity in epithelial ovarian cancer cells
and xenografts. Gynecol. Oncol. 110, 251-255. https://doi.org/10.1016/j.ygyno.2008.03.021 (2008).

Schulz, H. et al. Overall survival of ovarian cancer patients is determined by expression of galectins-8 and -9. Int. J. Mol. Sci. 19,
323. https://doi.org/10.3390/ijms19010323 (2018).

Remmele, W. & Stegner, H. E. Recommendation for uniform definition of an immunoreactive score (IRS) for immunohistochemi-
cal estrogen receptor detection (ER-ICA) in breast cancer tissue. Pathologe 8, 138-140 (1987).

Kruskal, W. H. & Wallis, W. A. Use of ranks in one-criterion variance analysis. J. Am. Stat. Assoc. 47, 583-621. https://doi.org/10.
1080/01621459.1952.10483441 (1952).

Spearman, C. The proof and measurement of association between two things. By C. Spearman, 1904. Am. J. Psychol. 100, 441-471
(1987).

Kaplan, E. L. & Meier, P. Nonparametric estimation from incomplete observations. J. Am. Stat. Assoc. 53, 457-481. https://doi.org/
10.1080/01621459.1958.10501452 (1958).

Youden, W. J. Index for rating diagnostic tests. Cancer 3, 32-35. https://doi.org/10.1002/1097-0142(1950)3:1%3c32::aid-cncr2
820030106%3e3.0.c0;2-3 (1950).

Nakas, C. T., Alonzo, T. A. & Yiannoutsos, C. T. Accuracy and cut-off point selection in three-class classification problems using
a generalization of the Youden index. Stat. Med. 29, 2946-2955. https://doi.org/10.1002/sim.4044 (2010).

Cox, D. R. Regression models and life-tables. J. R. Stat. Soc. B 34, 187-220 (1972).

and migration. Breast Cancer 11, 87-97. https://doi.org/10.2147/BCTT.S178721 (2019).

Shim, G. S., Manandhar, S., Shin, D. H., Kim, T. H. & Kwak, M. K. Acquisition of doxorubicin resistance in ovarian carcinoma
cells accompanies activation of the NRF2 pathway. Free Radic. Biol. Med. 47, 1619-1631. https://doi.org/10.1016/j.freeradbiomed.
2009.09.006 (2009).

Uhlen, M. et al. Proteomics. Tissue-based map of the human proteome. Science 347, 1260419. https://doi.org/10.1126/science.
1260419 (2015).

Cho, H. Y., Kim, K., Kim, Y. B., Kim, H. & No, J. H. Expression patterns of Nrf2 and Keap1 in ovarian cancer cells and their prog-
nostic role in disease recurrence and patient survival. Int. . Gynecol. Cancer 27, 412-419. https://doi.org/10.1097/IGC.0000000000
000908 (2017).

Matsunaga, T. et al. Pathophysiological roles of aldo-keto reductases (AKR1C1 and AKR1C3) in development of cisplatin resist-
ance in human colon cancers. Chem. Biol. Interact. 202, 234-242. https://doi.org/10.1016/j.cbi.2012.09.024 (2013).

Chen, Y. J. et al. Overexpression of dihydrodiol dehydrogenase is associated with cisplatin-based chemotherapy resistance in
ovarian cancer patients. Gynecol. Oncol. 97, 110-117. https://doi.org/10.1016/j.ygyno.2004.12.031 (2005).

Bortolozzi, R. et al. AKRIC enzymes sustain therapy resistance in paediatric T-ALL. Br. J. Cancer 118, 985-994. https://doi.org/
10.1038/541416-018-0014-0 (2018).

Deng, H. B., Parekh, H. K., Chow, K. C. & Simpkins, H. Increased expression of dihydrodiol dehydrogenase induces resistance to
cisplatin in human ovarian carcinoma cells. J. Biol. Chem. 277, 15035-15043. https://doi.org/10.1074/jbc.M 112028200 (2002).
Deng, H. B., Adikari, M., Parekh, H. K. & Simpkins, H. Ubiquitous induction of resistance to platinum drugs in human ovarian,
cervical, germ-cell and lung carcinoma tumor cells overexpressing isoforms 1 and 2 of dihydrodiol dehydrogenase. Cancer Chem-
other. Pharmacol. 54, 301-307. https://doi.org/10.1007/s00280-004-0815-0 (2004).

Chen, J., Adikari, M., Pallai, R., Parekh, H. K. & Simpkins, H. Dihydrodiol dehydrogenases regulate the generation of reactive
oxygen species and the development of cisplatin resistance in human ovarian carcinoma cells. Cancer Chemother. Pharmacol. 61,
979-987. https://doi.org/10.1007/s00280-007-0554-0 (2008).

Manandhar, S., Lee, S. & Kwak, M. K. Effect of stable inhibition of NRF2 on doxorubicin sensitivity in human ovarian carcinoma
OV90 cells. Arch. Pharm. Res. 33, 717-726. https://doi.org/10.1007/s12272-010-0511-z (2010).

Modugno, . et al. Hormone response in ovarian cancer: Time to reconsider as a clinical target?. Endocr. Relat. Cancer 19, R255-
279. https://doi.org/10.1530/ERC-12-0175 (2012).

Luo, H. et al. Prognostic value of progesterone receptor expression in ovarian cancer: A meta-analysis. Oncotarget 8, 36845-36856.
https://doi.org/10.18632/oncotarget.15982 (2017).

Wen, L., Hong, D., Yanyin, W., Mingyue, Z. & Baohua, L. Effect of tamoxifen, methoxyprogesterone acetate and combined treat-
ment on cellular proliferation and apoptosis in SKOV3/DDP cells via the regulation of vascular endothelial growth factor. Arch
Gynecol. Obstet. 287, 997-1004. https://doi.org/10.1007/s00404-012-2664-0 (2013).

Seeger, H., Wallwiener, D. & Mueck, A. O. Is there a protective role of progestogens on the proliferation of human ovarian cancer
cells in the presence of growth factors?. Eur. J. Gynaecol. Oncol. 27, 139-141 (2006).

Sevelda, P. Combined chemo- and hormone-therapy in advanced ovarian carcinoma-theoretical, experimental foundations and
clinical results. Wien Klin Wochenschr. Suppl. 183, 3-29 (1990).

Meng, J., You, Z. & Guo, Y. Effects of estradiol and medroxyprogesterone on the growth and doxorubin-resistance of drug-resistant
human epithelial ovarian cancer cell line OVCAR-3. Zhonghua Fu Chan Ke Za Zhi 34, 670-673 (1999).

Mangioni, C., Franceschi, S., La Vecchia, C. & D’Incalci, M. High-dose medroxyprogesterone acetate (MPA) in advanced epithelial
ovarian cancer resistant to first- or second-line chemotherapy. Gynecol. Oncol. 12, 314-318. https://doi.org/10.1016/0090-8258(81)
90131-1 (1981).

Niwa, K. et al. Clinical implication of medroxyprogesterone acetate against advanced ovarian carcinoma: A pilot study. Eur. J.
Gynaecol. Oncol. 29, 252-255 (2008).

Acknowledgements
The authors thank Christina Kuhn, Martina Rahmeh, Cornelia Herbst and Sabine Fink for their excellent tech-
nical assistance.

Author contributions

S.B. participated in design and coordination of the study, performed the experimental analysis, the statistical
analysis and wrote the main part of the manuscript. D.M. supervised immunohistochemistry as a gynecologic
pathologist and participated in the design and coordination of the study. E.S. participated in the immunohis-
tochemical analysis. A.H., C.B,, S.Be., TK., EK,, A.C.-R., A.B., and S.M. revised the manuscript for important
intellectual content. UJ., ET., and B.C. conceived of the study, participated in its design and coordination and
approved the final version of the manuscript. All authors analyzed and interpreted the results and read and
approved the final manuscript.

Scientific Reports |

(2022) 12:1862 | https://doi.org/10.1038/s41598-022-05785-9 nature portfolio


https://doi.org/10.1007/s12028-016-0342-y
https://doi.org/10.1016/j.ygyno.2008.03.021
https://doi.org/10.3390/ijms19010323
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.1002/1097-0142(1950)3:1%3c32::aid-cncr2820030106%3e3.0.co;2-3
https://doi.org/10.1002/1097-0142(1950)3:1%3c32::aid-cncr2820030106%3e3.0.co;2-3
https://doi.org/10.1002/sim.4044
https://doi.org/10.2147/BCTT.S178721
https://doi.org/10.1016/j.freeradbiomed.2009.09.006
https://doi.org/10.1016/j.freeradbiomed.2009.09.006
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
https://doi.org/10.1097/IGC.0000000000000908
https://doi.org/10.1097/IGC.0000000000000908
https://doi.org/10.1016/j.cbi.2012.09.024
https://doi.org/10.1016/j.ygyno.2004.12.031
https://doi.org/10.1038/s41416-018-0014-0
https://doi.org/10.1038/s41416-018-0014-0
https://doi.org/10.1074/jbc.M112028200
https://doi.org/10.1007/s00280-004-0815-0
https://doi.org/10.1007/s00280-007-0554-0
https://doi.org/10.1007/s12272-010-0511-z
https://doi.org/10.1530/ERC-12-0175
https://doi.org/10.18632/oncotarget.15982
https://doi.org/10.1007/s00404-012-2664-0
https://doi.org/10.1016/0090-8258(81)90131-1
https://doi.org/10.1016/0090-8258(81)90131-1

www.nature.com/scientificreports/

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests

T.XK. holds stock of Roche AG and his relative is employed at Roche AG. A.H. has received a research grant from
the “Walter Schulz” foundation and advisory board, speech honoraria and travel expenses from Roche and Pfizer.
A.B. has received advisory board and honoraria from AstraZeneca, Clovis, Roche and Tesaro. Research support,
advisory board, honoraria, and travel expenses from AstraZeneca, Clovis, Medac, MSD, Novartis, PharmaMar,
Roche, Sensor Kinesis, Tesaro, Teva have been received by S.M. and from AstraZeneca, Medac, PharmaMar,
Roche, Tesaro by ET. The other authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-05785-9.

Correspondence and requests for materials should be addressed to B.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:1862 | https://doi.org/10.1038/s41598-022-05785-9 nature portfolio


https://doi.org/10.1038/s41598-022-05785-9
https://doi.org/10.1038/s41598-022-05785-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	AKR1C12 inhibition by MPA sensitizes platinum resistant ovarian cancer towards carboplatin
	Material and methods
	Patient cohort. 
	Immunohistochemistry. 
	Statistical analysis. 
	Cell lines and tissue culture. 
	Reagents. 
	Western Blotting. 
	qPCR. 
	siRNA knockdown. 
	Cell viability and proliferation. 
	Apoptosis. 
	AKR activity. 

	Results
	AKR1C12 expression is elevated in serous and endometrioid EOC and correlates positively with NRF2 and hormone receptor expression. 
	Patients with AKR1C12 expression show a significantly impaired PFS. 
	AKR1C12 expression is elevated in ovarian cancer cells and in their platinum resistant clones. 
	MPA directly regulates AKR activity and impacts OV90 viability. 
	MPA sensitizes OV90OV90cp towards carboplatin. 

	Discussion
	Conclusions
	References
	Acknowledgements


